K3Na(CrO4)2, Mr = 372.27, A(Mo Ka) = 0.71073 ,~, two crystals were measured; crystal A at 290, 230 and 200 K and crystal B at 200 K. Both crystals were twinned in the room:temperature phase (P3ml); the twinning operation T was the twofold axis parallel with the c axis. After the phase transition (Ttran s = 239 K) into the ferroelastic phase each domain which is present in the high-temperature phase gives rise to three domains with 120 ° orientation. Thus, the diffraction pattern of the low-temperature phase can be formally treated as if it were composed of six domains with 60 ° orientation. Crystal data: crystal A: T=290K, trigonal, P3ml, a=5.857(3), c= 7.521 (2) A, V = 223.4 A 3, ~ = 38.33 cm-1, Z = 1, F(000) = 180, Dx = 2.766 g cm -3, R = 0.0145 for 238 observed reflections. T = 230 K, monoclinic, C2/c, a = 10.128 (3), b = 5.8437 (5), c = 15.022 (2) A, fl = 89.97 (2) ° , V=889.
Introduction
K3Na(CrO4) 2 undergoes a ferroelastic phase transition at 239 K (Krajewski, Mroz, Piskunowicz & Breczewski, 1990) . The ferroelastic properties of the low-temperature phase were confirmed by the direct observation of domains which were reorientable under mechanical stress. Optical observation, DTA experiments, measurements with a miniature torsional pendulum and dielectric properties (ibid.) led to the conclusion that the phase transition is of order-disorder type and the crystal classes of the high-and low-temperature phases are 3ml and 2/m, respectively. Mroz, Kiefte, Clouter & Tuszynski (1991) concluded from the Brillouin scattering studies that the present phase transition is a weak first-order one. The structural study of the roomtemperature phase (P3ml) (Madariaga & Breczewski, 1990) determined that the structure is isomorphous to K3Na(SO4)2 (Okada & Ossaka, 1980) .
Recently, the structures of the high-and lowtemperature phases of the analogous compound K3Na(SeO4)2 have been solved (Ffibry, Breczewski & Petricek, 1993) . This structure determination revealed that the high-temperature phase of K3Na(SeO4)2 is isomorphous to the roomtemperature phases of K3Na(SO4) 2 and K3Na(CrO4)2. During the phase transition of K3Na(SeO,)2 into the low-temperature phase (C2/c) the c axis doubles its length and the mirror plane is replaced by the glide plane c.
Precession photographs of K3Na(CrO4)2 showed the analogous doubling of the c axis below the phase transition (Ffibry, Breczewski & Petricek, 1993) and systematic extinctions 00l, l = 2n + 1. Trial diffractometer measurements revealed that the intensities of some reflections, h,k,l, l = 2n + 1, rose considerably K3Na(CrO4)2 on decreasing the temperature 30 K below the transition point. The dielectric permittivity in the (1,0,0) direction (expressed in the lattice of the hightemperature phase) changes continuously (Krajewski, Mroz, Piskunowicz & Breczewski, 1990) in this temperature region.
The aim of the present work was to determine the structure of the low-temperature phase in this temperature region.
Experimental
The yellow-orange crystals of the title compound were grown from an aqueous stoichiometric solution of K2CrO4 and Na2CrO4. Two crystals were used in this experiment. Crystal B had the shape of a hexagonal column 0.1 mm thick and 0.26 mm long, while crystal A which was cut from a larger crystal had the shape of a rectangular parallelepiped of dimensions 0.22 × 0.27 × 0.30 mm. Crystal A was examined at 200, 230 and 290 K and crystal B at 200 K.
Data collection was performed on an Enraf-Nonius CAD-4 diffractometer which was equipped with a graphite-plane monochromator; the samples were cooled by a stream of nitrogen gas (Cosier & Glazer, 1986 ) with a precision of 1 K.
Unlike the crystal at room temperature, which is a true merohedral twin, the reflections of the ferroelastic phase need not necessarily exactly overlap, and the lattice parameters determined from the multiply twinned monocrystal reflections of the ferroelastic phase are biased by this systematic error. Thus, the single-crystal diffractometer will tend to centre reflections at the centroid of the bundle of superimposed diffractions. For these reasons we report here the unit-cell parameters of the ferroelastic phase at 200 and 230 K which were obtained from powder-diffraction measurements. These experiments were performed on a Stoe focusing monochromatic beam transmission diffractometer equipped with a linear-position detector. The powdered sample was inserted into a Lindemann capillary of diameter 0.3 mm. The measured region was 5. 00-84.89 ° (20) . a(Cu Kay) = 1.54056/~. Figures of merit F(Nobs/A20 ..... ge) after least-squares refinement of lattice parameters were F(34/0.005)= 21.6 and F(35/0.004) = 27.9 for 200 and 230 K, respectively.
With the exception of the two twinned crystals, the measurement of which is reported here, all singlecrystal samples cracked during the phase transition. Crystal A was cooled down to 230 K first and then, because of breakdown of the cooling device, quickly heated to room temperature. It was then measured at room temperature and cooled down to 230 K again (this experiment is reported here). A further breakdown of the cooling device terminated the experiment at this temperature and the crystal was then cooled down to 200 K. These temperature jumps, however, did not apparently affect either the widths or intensities of the reflections which were used for determination of the orientation matrix, to/0 plots indicated that an to/20 scan was most appropriate for crystal A and an to scan for crystal B.
The absorption correction (Gaussian integration) together with a correction for the variation of the standard-reflection intensities were provided by the program system XRA Y72 (Stewart et al., 1972) ; Lp correction, calculation of structure factors and their e.s.d.'s together with their averaging with respect to the symmetry were carried out by the conversion program of the SDS system (Petricek & Maly, 1988) .
The square roots of the intensities of the trigonal phase measured at 290 K were averaged with regard to the crystal class symmetry operations while the square roots of the intensities of the phases measured at 230 and 200 K were averaged with respect to the centre of symmetry. (For the calculation of Fourier syntheses of the low-temperature phases, however, a set of symmetry-independent reflections was selected.) The SDS program performed the rest of the calculations except the bond-length correction for the temperature movement which was carried out by the program PARST (Nardelli, 1983) . Scattering factors including anomalous dispersion corrections were taken from Cromer & Mann (1968) and International Tables for X-ray Crystallography (1974, Vol. IV). The structure of the 290 K phase and the twinning operation, which is a twofold axis parallel with the c axis, were determined by the solution of the Patterson synthesis.
The heights of the Cr--O(2) peaks (or more precisely the integrated values of the squared electron density within these peaks) of the Patterson synthesis also yield information about the ratio of component twins. As a consequence of the ferroeleastic phase transition into the supposed C2/c space group, each twin component of the high-temperature phase gives rise to three domains with 120 ° mutual orientation. Thus, the whole crystal below the phase-transition point may be treated as if it were composed from six domains with 60 ° orientation ( Table 2 ). Provided that this is the transition from the trigonal parent phase into the monoclinic ferroelastic phase the sum of the domain fractions with 120 ° mutual orientation should equal the values of the respective twin fractions of the parent phase at 290 K (the effect of mutual-domain shielding is assumed not to be pronounced). However, this condition regarding the sum of domain fractions would not be valid for the transition into the triclinic structure because each parent domain from the room-temperature phase would split into six domains. (s) 120 120 120 120 Measured region 0 (°) -< 28 -< 28 _< 28 <-28 h range (-7,7) (-13,13) and (-10,3) (-13,13) (-13,13) k range ( -7 ,7) (0,7) and ( -4,6) ( -7,7) ( -7,7) /range (-9,9) (-19,19) and (-19,-11) (-19,19 ) (-19,19) Average positive and negative deviations (%) from the mean intensities of five standards -2.2; 2.1 -3.8; 4.6 -3.5; 3.9 -6.7; 7.0 Monitoring interval ( The starting model which was used for the refinement of the low-temperature structures was calculated from the structure determined at 290 K. The initial values of the domain fractions were calculated either from the ratio of the heights of the appropriate Cr--O peaks of the Patterson map (crystal B) or from the result of the structure determination at 290 K (crystal A), assuming an equal distribution of domain fractions within each respective 120 ° domain pattern.
In the beginning of the refinement of the lowtemperature phase the geometry of the [CrO4] 2anion was kept fixed. The inclusion of extinction corrections into the refinement (type I, isotropic Lorentzian distribution; Becker & Coppens, 1974) proved to be significant for crystal A.
The difference Fourier synthesis
Ap = V-~Y.hAF(h)exp(-2rrthr),
where AF(h) = ]Fol/Sc -IFc(h)l for a single-domain crystal (Sc is a general scaling factor), is modified for a multiply twinned crystal which is composed from N domains (f is the ith domain fraction, [F~I; are calculated moduli of structure factors of the ith domain) as follows:
f, Compared with the structure refinement of a singledomain crystal which converges to similar R-factor values, this modified difference Fourier synthesis inevitably results in higher electron-density values (the pertinent residuals Ap, which are given in Table  I, lation the second assumes that disagreement between (Yo) i/2 and (Yc) I/2 is equally distributed among all domains. The corresponding residuals (Table 1) of the latter modification of the electron-density calculation have the superscript '2'.
The pseudotrigonal axis which links the pseudosymmetrically related atoms is coincident with the reciprocal axis c*. In order to calculate the atomic displacement vectors A (Abrahams & Keve, 1971) which link the pseudosymmetrically related atoms, the atomic positions were transformed into an orthogonal coordinate system, rotated by 120 and 240 ° along the c* direction (see Table 2 ) and consecutively transformed into the fractional coordinates of the orthogonal unit cell ( Fig. 1 and Tabel 2). The values of A are given in Table 10 .
Other relevant information about the experiment and refinement is given in Table 1 .*
Discussion
The atomic coordinates and temperature factors are given in Tables 3-5 and Figs. 2-7 depict the structure at different temperatures. Table 6 lists the relevant interatomic distances and angles.
Comparison with the previous structure determination of the room-temperature phase of K3Na(CrO4)2 (Madariaga & Breczewski, 1990) which was performed on a non-twinned monocrystal reveals that the atomic coordinates are in good accordance, mostly within the interval of 2 e.s.d.'s with the exception of the Cr z coordinate (-10 e.s.d.'s). The difference between the two results 
Transformation of the fractional coordinates (xm, Ym, Zm) expressed in the standard monoclinic unit cell (Am, B,,, C,,, fl) into the absolute coordinates Xo, Yo, Zo) (A) of the Cartesian system (see also Fig. 1 ) regarding this fractional coordinate is about 0.001, which corresponds to 0.0075/~. The temperature factors of the Cr atom of crystal A measured at 230 K became non-positive definite (the amplitude of the thermal ellipsoid in the (0,1,0) direction was negative). Similarly, the amplitude of the thermal ellipsoid of the Cr atom (crystal A; 200 K) was improbably small in the same direction. Thus, the Cr atoms in the low-temperature phases of crystal A were refined isotropically.
The isotropic refinement of the Cr atom increased the R-factor values by 0.003 and 0.001 for 230 and 200K, respectively. The atomic positions were slightly affected: for 230 and 200 K the greatest difference concerned the y coordinate of the Cr atom, which was about 15 and 10 pertinent e.s.d.'s, (5) 0.4810 (9) 0.0956 (7) 1063 (157) 2230 (191) 2248 (263) 58 (175) 754 (199) 107 (175) respectively. This corresponds to the approximate difference of 0.0005 fractional units (0.003 A). The structure determination of crystal B at 200 K should be preferred as the temperature factors seem to be normal. The Cr--O bond-length correction -'riding motion' -which was calculated for the structure measured at 290 K (crystal A) and for crystal B measured at 200 K (Busing & Levy, 1964) , resulted in a more even distribution of Cr-O distances.
A serious experimental problem concerns the influence of a non-homogeneous domain distribution on the measured intensities. The structure determina-tion of crystal B should be less affected by this phenomenon because it is elongated along the pseudo-trigonal axis of the low-temperature phase about which the twinning operations takes placesee the crystal dimensions in the beginning of the In order to assess the influence of the domain distribution on structural parameters, additional refinements of the room-temperature phase (crystal A) were performed on the data in 60 ° segments and its inversion counterparts of the measured reciprocal K3Na(CrO4)2 (22) 3.357 (12) 3.362 (12) (12) 3.113 (7) 3.124 (7) (12) 3.113 (7) 3.124 (7 The refinement conditions were otherwise the same as those in Table 1 . The denomination of the segments is as follows: The refinement conditions were otherwise the same as those in Table 1 . The denomination of the reciprocal space regions is as follows: l(h_>0Ok_>0);2(h<0nk_>0);3(h_>0nk_<0);4(h<0nk<_0 (Table 7) . Similar calculations were carried out on the 200 K data of crystals A and B (Tables 8 and  9 ). The result of the room-temperature phase (crystal A) refinement has shown that the atomic coordinates are almost independent of the data-set choice (within 2 e.s.d.'s) but the refined twin-fraction parameters changed significantly.
A similar result was yielded by the refinement of the ferroelastic phases: the differences between atomic coordinates are within 5 e.s.d.'s but the values of domain fractions are strongly dependent on the symmetry-independent data-set choice. It is worthwhile noting that the refinement of the lowtemperature phases had to be performed with damping in order to reach convergence with A/o-< 0.02. , oo ) ( Comparison of Tables 7 and 8 indicates that in the case of crystal B the sums of fl + f3 + f5 and f2 + f4 +f6 are not affected by the choice of data set.
As already stated above, the transition into C2/c should conserve the sum of domain fractions within each 120 ° domain pattern. The sum of the domain fractions of the low-temperature phases of crystal A (]'2 +f4 +f6, Table 1) -a,,,/2b,,,/2; bh = am~2-bin~2; ch = c,,,; h, m indices apply for the pseudo-hexagonal and monoclinic cells, respectively). The coordinates of all signed atoms in the pseudo-hexagonal unit cell except Na are connected with the coordinates given in Table 4 by the transformation xh =x,, -y,, + 1, )'h = x,, -y,, + 1, zh = z,,,; the coordinates of the Na by the transformation Xh = --Xm --Ym, Yt, = Xm --Ym, Zh = gin. (the symmetry code is given in Table 6 ). and 200 K, respectively. This seems to be a nonnegligible deviation from the value f2 = 0.532 calculated for the room-temperature phase (the constrained refinement of domains f2 +f4 +f6 = 0.532 gave an R-factor value about 0.002 higher). This peculiarity, however (Tables 7-9) , may be explained by the effect of the mutual shielding of domains and by the errors in absorption correction, and the monoclinic symmetry was assumed as in K3Na(SeO4)2 (Ffibry, Breczewski & Petricek, 1993) . -bin~2; bh = am~2-b,,/2; ch = c,,,; h, m indices apply for the pseudo-hexagonal and monoclinic cells, respectively). The coordinates of the signed atoms are connected with the coordinates given in Table 5 in the same way as in Fig. 4 . Izal ~AI K(I)--K(1)A 0.115 (1) 0.111 (1) 0.059 (2) K(I)---K(I)8 0.115 (2) 0.111 (2) 0.058 (4) K(I)A--K(I)n 0.114 (2) 0.109 (2) 0.061 (4) K(2)---K(2)4 0.303 (1) 0.320 (!) 0.166 (1) K(2)--K(2)B 0.303 (!) 0.320 (1) 0.166 (1) K(2)4--K(2)B 0.303 (1) 0.320 (1) 0.166 (1) Cr--Cr4 0.094 (1) 0.087 (2) 0.050 (2) Cr---Cr~ 0.096 (!) 0.089 (2) 0.048 (2) Cr4--Crn 0.094 (1) 0.087 (2) 0.051 (2) (6) 0.332 (7) 0.185 (11 ) It should be noted that the extinction correction applied for crystal A may be linked with the effect of domain shielding. Since the atomic temperature factors of crystal B are realistic and the extinction correction in this crystal turned out to be insignificant, the structure determination of crystal B should be preferred. The differences in coordinates (Table 5) indicate that the real accuracy of the experiment is of the order of the second decimal place in fractional coordinates.
The present results have shown that the phase transition in K3Na(CrO4)2 is continuous with gradually increasing atomic displacements (when lowering the temperature) from positions in the P3ml parent phase. The growing atomic displacements are accompanied by a gradually increasing inclination of the anion tetrahedra: the angles between the Cr--O(1) bond and the c*-axis direction are 3.74 ° at 230 K and 7.16 and 6.71 ° at 200 K for crystals A and B, respectively.
The values of atomic displacement vectors (Table 10 ) at 200 K are very similar to those in K3Na(SeO4)2 at 291K (F~tbry, Breczewski & Petricek, 1993) .
Visual comparison of precession photographs of K3Na(SeO4)2 showed that the intensities of the newly developed reflections in the monoclinic phase also increase gradually with decreasing temperature. However, this change is rather limited to the much narrower temperature interval between 334 and 346 K (the phase-transition point) (Ffibry, Breczewski & Petricek, 1993; Krajewski, Mroz & Piskunowicz, 1993) .
